Introduction
Biological nitrogen fixation by microorganisms, the process reducing atmospheric dinitrogen to ammonia, is carried out by the enzyme called nitrogenase (Seefeldt et al., 2009 ). This reaction requires many ATPs and electrons and produces H 2 as a fatal by-product, as shown below (Seefeldt et al., 2009) : N 2 + 8e -+ 8H + + 16ATP AE 2NH 3 + H 2 + 16ADP + 16P i .
(1) (Liang et al., 2009) belonging to gammaproteobacteria. In these mutants, a higher yield (20-62%) of hydrogen gas than that in wild-type strains has been shown. Mutants lacking the uptake hydrogenase have not been reported in the photosynthetic species of betaproteobacteria, although H 2 production induced by carbon monoxide (CO) was recently studied in Rubrivivax gelatinosus strain CBS (Vanzin et al., 2010) . This reaction is catalyzed by the NiFe-type hydrogenase, as has been shown in the species of alphaproteobacteria, Rhodospirillum rubrum (Fox et al., 1996) , and is a side reaction of the oxidation of CO to CO 2 by the CO dehydrogenase (Vanzin et al., 2010; Wawrousek et al., 2014) . It is of interest to utilize various photosynthetic species of metabolically versatile proteobacteria and to expand the possibility of their applications. In the present study, the effects of the inactivation of the gene coding for the uptake hydrogenase in the betaproteobacterium Rubrivivax gelatinosus strain IL144 were studied regarding enhancing the yield of hydrogen gas production. Rubrivivax gelatinosus IL144, whose genomic DNA has been totally sequenced (Nagashima et al., 2012) , has the genes coding for nitrogenase and the membrane-bound uptake hydrogenase, but does not have the gene for the CO-inducible hydrogenase, which sets it apart from the strain CBS. Therefore, the strain IL144 could be a simple and good model species for photosynthetic hydrogen gas production using nitrogenase in betaproteobacteria. Indeed, an approximately 30% increase in the yield of the photosynthetic hydrogen gas production, compared with that in the wild type, was observed in the mutant under nitrogen-limited growth conditions.
Materials and Methods
Organisms, media, and growth conditions. Rubrivivax gelatinosus strain IL144 and the mutant were grown at 30∞C in a PYS medium (0.5% polypeptone, 0.1% yeast extract, 0.5% sodium succinate, and 1% basal salt solution). The basal salt solution contains 10 mM EDTA, 4 mM ferric sulfate, 100 mM magnesium sulfate, 5 mM calcium chloride, 500 mM sodium chloride, and 1% trace element solution (Nagashima et al., 1997) . The trace element solution contains 25 mM manganese sulfate, 5 mM zinc sulfate, 5 mM cobalt nitrate, 5 mM copper sulfate, 5 mM molybdic acid, 10 mM boric acid, and 50 mM EDTA. Halogen lamps were used as the light source for photosynthetic growth. The light intensity was set at 170 mmol m -2 s -1 . When needed, 50 mg/ml kanamycin (Km), 15 mg/ ml tetracycline (Tc), and/or 15% sucrose were added to the growth media. Escherichia coli strains JM109 lpir and S17-1 lpir were aerobically grown at 37∞C in a LuriaBertani medium (Sambrook and Russel, 2001) . When needed, 50 mg/ml Km and 50 mg/ml chloramphenicol (Cm) were added to the cultures. The cell density was monitored by the absorbance at 660 nm.
Construction of a mutant lacking the gene coding for the uptake hydrogenase. As illustrated in Fig. 1 , the DNA fragment containing the region upstream of the gene coding for the small subunit of the uptake hydrogenase, hupS (hupA), was amplified by PCR using a primer set, gel_hupS-1020F_Eco (5¢-TTTGAATTCCGGTGAGCA CCACGTGCTGTGGAC-3¢) and gel_hupS-60R_Kpn (5¢-TTTGGTACCCTGCCTAAAGCTGGAACGCTGGGG-3¢). The other DNA fragment containing the region downstream of the large subunit of the uptake hydrogenase, hupL (hupB), was also amplified by PCR using a primer set, gel_hupL1758F_Kpn (5¢-TTTGGTACCGGTCGAGAT CCTGCGCACGCTGCA-3¢) and gel_hupC274R_Xba (5¢-TTTTCTAGAGGAAACCGACCGCGAACACGTAGG-3¢). These two DNA fragments were treated at the EcoRI, KpnI, and XbaI restriction sites introduced by the PCR primers and tandemly cloned in a pJPCm plasmid, a suicide vector that has a Cm-resistance marker gene and is replicative in E. coli but not in R. gelatinosus (Ohmine et al., 2009) , to create the pJP-hup-F13 plasmid. A pUC-based plasmid containing a Km-resistance marker gene and the sacB-sacR genes derived from Bacillus subtilis was then connected to the pJP-hup-F13 plasmid at the SalI/XbaI restriction sites in the multi-cloning site to create the pJPDhupSL-SKm plasmid construct. The sacB gene encodes levansucrase, the expression of which is lethal to the host in the presence of sucrose (Gay et al., 1985) .
The pJPDhupSL-SKm plasmid was introduced into the cells of R. gelatinosus IL144 by a conjugal transfer from the E. coli S17-1 lpir as described previously (Ohmine et al., 2009 ). The clones growing on PYS-agar plates containing kanamycin (and tetracycline to eliminate E. coli) were then selected. Since the plasmids introduced are incapable of replication in R. gelatinosus cells, the kanamycin resistance means incorporation of the plasmid into their genomic DNAs via a single cross-over homologous recombination. Next, these cells were aerobically grown in a PYS medium without kanamycin to allow a second homologous recombination to remove the plasmid. The cells were transferred to a fresh PYS medium containing 15% sucrose and grown until the culture looked turbid. Sucroseresistant, but kanamycin-sensitive, clones were selected on PYS-agar plates containing 15% sucrose as the candidates of Dhup mutants. The genomic DNAs of the candidates were examined by PCR using a primer set, gel_3573-27F (5¢-CATCAACCAGTTCCGGCGCTACCC-3¢) and gel_hupB-Re (5¢-TCAGCGCACCTTCACGGTCGTCA GT-3¢), to confirm the deletion of the hupS and hupL genes. Measurements of cell growth and hydrogen gas production. Cells in a 5-ml culture of R. gelatinosus photosynthetically grown to OD 660 of approximately 1.0 in the PYS medium were harvested by centrifugation (9,200 ¥ g, 10 min) and washed with a 5-ml carbon-free BPV solution that consisted of 1% basal salt solution, 2% phosphate solution (75 g potassium dihydrogen phosphate, 78 g dipotassium hydrogen phosphate per 1 l), and 0.1% vitamin solution (1 g nicotinic acid, 1 g thiamine, 50 mg biotin, 0.5 g PABA, 10 mg vitamin B12, 0.5 g calcium pantothenic acid, 0.5 g pyridoxine-HCl, 2.0 g EDTA, and 0.5 g folic acid per 1 l). The cells precipitated by centrifugation were suspended in a 5-ml BPV solution and used as the preculture. A portion (150 ml) of the preculture was added to a 15-ml BPV solution in a 30-ml test tube equipped with a butyl rubber cap. Then the 1 M stock solution of lactate, pyruvate, or succinate was added to this cell-suspended BPV solution at the final concentration of 30 mM and designated as an L-N, P-N, or S-N medium, respectively. When needed, the L-N medium was supplemented with 5 mM sodium glutamate (designated as an LG medium). The headspace of the test tube was filled with argon or nitrogen gas. The tubes were incubated at 30∞C under the illumination of 170 mmol m -2 s -1 supplemented by halogen lamps.
Hydrogen in the headspace of the test tube was detected by gas chromatography (GC; GC-2014, Shimadzu, Kyoto, Japan) with a thermal conductivity detector (TCD) and a molecular sieve 5A capillary column (30 m, 0.53-mm I.D.; Restec, Bellefonte, PA). A fifty microliter gas sample from the tube was injected into the gas chromatography for each measurement. Volume ratios of H 2 , obtained as the raw data, were translated into millimole quantities per liter of culture, on the assumption that only H 2 gas production produces an increase of the pressure in the headspace of the tube.
The experiments were carried out in triplicates and all data were subjected to the Student's t-test. When the pvalue was less than 0.05, the difference between two data was considered to be significant.
Results and Discussion

Growth conditions favorable for hydrogen production by wild-type R. gelatinosus strain IL144
Photosynthetic hydrogen production by the R. gelatinosus strain IL144 grown in natural media such as the PYS medium has not been reported. Therefore, we have examined several synthetic media containing lactate, pyruvate, or succinate as the main carbon source to find the optimal conditions for hydrogen gas production by this strain. In these tests, the nitrogen source was limited to the N 2 gas in the headspace of the test tube to induce the expression of nitrogenase. As shown in Fig. 2 , both the growth rates and the final cell densities of the cultures grown in these synthetic media were significantly lower than those in the PYS medium, although the hydrogen gas production can be observed parallel to the cell growth in the synthetic media. No hydrogen gas was detected for the cells grown in the PYS medium. These differences can be ascribed to the limitation of the nitrogen source in the synthetic media and the difference in the expression levels of the nitrogenase. Possibly, the electrons supplied by the organic substrates through the photosynthetic electron transfer are largely used for hydrogen gas production instead of cell growth, when grown in the synthetic media. It is noteworthy that the hydrogen gas production continued to increase even after the cell growth reached the sta- The cells were grown in the PYS natural medium (᭹), and the synthetic medium containing 30 mM lactate (᭺; L-N), 30 mM pyruvate (᭝; P-N), or 30 mM succinate (᭡; S-N) as the sole carbon source. The headspaces (15 ml) of the culture tubes were filled with N 2 gas at the start of the incubation. Hydrogen gas production was estimated by the gas chromatograph for 50 ml of the headspace gas and plotted as the amount (mmol) of H 2 per volume of headspace gas. Each value represents the average of triplicate samples with the standard deviation. Cells of the wild type (᭹) and DHup (᭺) were grown in a synthetic medium containing 30 mM lactate and 5 mM glutamate (LG). The headspaces of the culture tubes were filled with argon gas at the start of incubation. Hydrogen gas production was estimated as described in Fig.  2 . Each value represents the average of triplicate samples with the standard deviation. Differences were considered to be significant (p < 0.01) after 114.5 hours, when applying the Student's t-test. Cells of the wild type (᭹) and DHup (᭺) were photosynthetically grown in a synthetic media containing 30 mM lactate (L-N) as the sole carbon source. The headspaces of the culture tubes were filled with N 2 gas at the start of the incubation. Hydrogen gas production was estimated as described in Fig. 2 . Each value represents the average of triplicate samples with the standard deviation. Cells of the wild type (᭹) and DHup (᭺) were photosynthetically incubated in the synthetic medium containing 30 mM lactate (L-N) as the sole carbon source. The headspaces of the culture tubes were filled with argon gas at the start of the incubation. Hydrogen gas production was estimated as described in Fig. 2 . Each value represents the average of triplicate samples with the standard deviation. Differences were considered to be significant (p < 0.05) after 114.5 hours, when applying the Student's t-test.
tionary phase in these growth media. Both the final cell density and the level of hydrogen gas production were highest in the culture grown in the lactate-containing (L-N) medium.
Comparison of hydrogen gas production levels between the wild type and D D D D DHup mutant in the presence of N 2 gas as the sole nitrogen source
Using the L-N medium, cell growth and hydrogen production were compared between the wild type and the DHup mutant under photosynthetic growth conditions. The nitrogen source was limited to N 2 gas in the headspace of the culture tube to enhance the expression of nitrogenase. As shown in Fig. 3 , no differences in cell growth were observed between the wild type and the DHup mutant until 62 h after the transfer to the L-N medium. After 95 h, however, the optical density of the mutant culture became significantly higher than that of the wild type, and reached its maximum 136 h after the transfer. This difference can be ascribed to a partial aggregation of the wild-type cells at the bottom of the test tube, which became prominent in the stationary phase. Such aggregation was not observed in the DHup cultures. Therefore, it is suspected that the cell numbers in the wild type and the DHup cultures are similar. And, the rates of the hydrogen gas production were almost equivalent between the wild type and the DHup mutant, suggesting that highly-active H 2 gas production by nitrogenase is far superior to the effect of H 2 recycling by the uptake hydrogenase under this growth condition.
Hydrogen gas production in the R. gelatinosus IL144 D D D D DHup mutant under nitrogen-depleted conditions
Next, under the condition that the headspace of the culture tube was filled by argon gas, hydrogen gas production in the wild type and the DHup mutant incubated in the L-N medium were compared. Since no nitrogen sources were supplied under this condition, no growth was observed in either culture, and the cell densities were constant at an O.D. of approximately 0.03 during the measurement. It is known that in the absence of molecular nitrogen, nitrogenase works only for hydrogen gas production (Seefeldt et al., 2009) , as shown below:
Therefore, no growth, but significant hydrogen gas production, was observed under this condition, as shown in Fig. 4 . The hydrogen gas production in the DHup mutant was 25-30% higher than that in the wild type, as has been shown in other purple photosynthetic bacteria species. This difference in hydrogen production has been reproducible through, at least, two independent "triplicate" measurements, in addition to that indicated in Fig. 4 . And even when applying a confidence interval of 95%, the error bars never overlap between the values for the wild type and the DHup mutant. This result means that inactivation of the uptake hydrogenase in R. gelatinosus IL144 is also effective for improving hydrogen gas production activity.
Effect of the addition of glutamate as the sole nitrogen source to the hydrogen gas production in wild-type R. gelatinosus IL144 and the D D D D DHup mutant In order to find a growth condition to increase both the cell growth and the yield of hydrogen gas production in R. gelatinosus, 5 mM glutamate was added to the culture in the L-N medium (designated as an LG medium) in which the headspace of the tube was filled with argon gas. Glutamate was the sole nitrogen source in these cultures. Both the wild type and the DHup mutant showed growth with a doubling time of 6.5 h at 20-40 h after the start of cultivation under the light, faster than those of the cultures grown in the presence of nitrogen gas as the sole nitrogen source (data not shown). Hydrogen gas production in both the wild type and the DHup mutant was also greatly enhanced in the presence of 5 mM glutamate, as shown in Fig. 5 . Such effects resulting from the addition of glutamate have also been reported in other purple bacteria, e.g., in Rhodopseudomonas palustris strain CN (Wu et al., 2012) . It is reported that the activity of hydrogen gas production in the culture of DHup mutant of R. palustris strain CN grown in a medium containing lactate and glutamate was 42.2 mmol/l (Wu et al., 2012) . In the present study using R. gelatinosus, the total hydrogen gas accumulation in the culture of the DHup mutant reached 41.1 mmol/l, which was approximately 10% higher than that of the wild type. This activity is comparable to that reported in the DHup mutant of R. palustris strain CN. We conclude that R. gelatinosus IL144 should be a good candidate for a photosynthetic hydrogen gas producer among the species of betaproteobacteria. Inactivation of the gene coding for the uptake hydrogenase and the use of glutamate as the sole nitrogen source are valid ways to enhance the photosynthetic hydrogen gas production by nitrogenase.
